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QUANTITATIVE INTERPRETATION OF K-EDGE NEXAFS DATAFOR ~—~

VARIOUS NICKEL HYDROXIDES

AND THE CHARGED NICKEL ELECTRODE*
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ABSTRACT

A quantitative interpretation of Ni K-edge NEXAFS data for B-Ni(OH),, B-
NiOOH, and BaNiOs, and in situ data for a charged Ni electrode is reported. We have
performed curve-wave multiple scattering calculations utilizing the FEFF6 code on
clusters approximating these materials.  These theoretical results reproduce the
experimental changes with oxidation remarkably well. Our interpretation of the NEXAFS
line shape for the charged electrode indicates that large amounts of Ni** exists along with
Ni"?, giving an average oxidation slightly greater than 3.5, consistent with that shown
elsewhere from the edge shift data,

*Support from the Office of Naval Research is gratefully acknowledged.




1. INTRODUCTION

Nickel hydroxides are important materials with applications in nickel batteries,’
fuel cell electrodes,? electrolyzers® and electrochromic devices.* As a result, many studies
have been reported on these materials, including infra-red (R), Raman,*’ X-ray
diffraction (XRD),® and near edge™'°and extended" >, x-ray absorption spectroscopy
(NEXAFS and EXAFS), as well as several eleqtrochennical studies."*”® Despite these
many studies, extending over nearly a century, there are still many unanswered questions
" and controversies concerning these materials. Some of the prdblems arise because many
structural phases exist (e.g. o- and B-Ni(OH),, and o-, B-, and y-NiOOH) and the
dominant phase depends on the method of preparation. Furthermore, the crystallinity of
these phases are often inherently poor, and for the charged Ni electrode the data must be
collected in-situ. Reviews have been published summarizing the extensivé literature, the
problems, and the questions that remain".

In this work, we will concentrate on the Ni electrode, and in particular the
oxidation of B-Ni(OH), to B-NiOOH or beyond that to a higher oxidation state. ~The
nanostructure of the nickel electrode can be simply described as a layered structure of
slabs consisting of three atomic shééts, O-Ni-O. Interspersed between the slabs are
“galleries” in which various mobile species may reside’®. The Ni atoms, lying between the
hexagonally close-packed sheets of O, océupy essentially all of the octahedral positions.

In the reduced form, B-Ni(OH),, the gallery is filled with H atoms; i.e., each O atom is
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bonded to one H atom. Thus B-Ni(OH), is generally well ordered crysta]lographically
within the slabs (although some variation in the registry of the slabs and the widths of the
galleries between the slabs can occur), a reasonably good XRD pattern is obtained, and its
structure is well-characterized®>!"1>15,

The oxidation of the Ni electrode involves the removal of H' ions from the gallery
and transfer into the electrolyte. The extent of this H removal (1/2 to 3/4 of the total), and
the positions occupied by the remaining H atoms are still open to question. Indication
exists from XRD and EXAFS data that the remaining H atom distribution is rather
disordered; hence the lack of crystallinity even within'the O-Ni-O slabs of B-NiOOH or in
. the fully charged electrode®>!™***  This lack of crystallinity has prevented complete
structural characterization with XRD data; and in particular prévents knowledge of the
location and distribution of the H atoms. Finally BaNiOs has a rather different structure,
with columns of NiOs octahedra lined face-to-face, instead of edge-to-edge as in the slabs
of Ni(OH),, giving a well-ordered material and a sharp XRD pattern™"”.

The extent of H removal and its distribution in the Ni hydroxides raises many
questions in addition to those above. In particular, what factors prevent further H removal
from the charged electrode; giving a higher Ni oxidation state? These questions are
crycial to the functioning of a battery containing a Ni electrode, because if further H atoms
could be removed, the specific capacitly of the battery could be increased. For example, if
instead of removing just 1/2 of the H atoms, 3/4 of them could be removed, the specific

energy of the battery could be increased by 50%.



In previous work, the extent of H removal has been considered in the context of
the nominal oxidation of the Ni atoms. Thus B-Ni(OH), has nominal Ni*? jons, and
NiOOH has Ni* present. We will comment elsewhere on the appropriateness of this Ni
oxidation picture'®. Nevertheless within this context, if oxidation beyond Ni” could be
achieved, this would suggest the existence of Ni**. Several papers have previously been
published asserting evidence for the presence of Ni**67%10.14 Perhaps the strongest
evidence for this comes from the NEXAFS edge shift’. In these NEXAFS edge studies,
the edge is seen to shift by about 1 eV upward for each increase by one in Ni oxidation
state, where the edge data for B-Ni(OH),, B-NiOOH, and BaNiO; were used for the
.standa.rds of Ni in the 2,3, and 4 oxidation states respectively’. Using this scale, the Ni in
the charged Ni electrode was seen to have an oxidation state of 3.5, consistent with
previous electrochemical measurements',

Ni K-edge NEXAFS data has previously been published®®, but it was not
thoroughly interpreted. In this work we use curved-wave multiple scattering calculations
on the appropriate atomic clusters to interpret the NEXAFS data for B-Ni(OH),, B-
NiOOH, BaNiOs, and the charged electrode. We and others have shown that a detailed
interpretation of NEXAFS data allows smali'distortions from octahedral or tetrahedral
symmetry to be determined.”™?'  In the Ni hydroxides, these distortions are generally
interpreted as arising from the differen;:es between the Ni-O and Ni-OH bonds. Thus the
Ni-O bond is elongated to 2.07 A° when a H" atom in the gallery is bonded to the O atom,
as opposed to 1.88 A® when the O atom is not bonded to a H atom in the gallery.

Although EXAFS can provide a measure of the average number of long and short Ni-O




bonds, as reported”’lz, the distribution of these long and short bonds about each Ni atom
is not provided by EXAFS. We will provide some qualitative information on these
distributions from a detailed interpretation of the NEXAFS data. Furthermore, we will
discuss the evidence in the NEXAFS line shape for the presence of Ni** in the charged

electrode.
2. EXPERIMENT AND THEORY

The experimental NEXAFS data are taken from O’Grady et al’ where the
- preparation methods for the standard materials are given in detail. XAS data were
obtained for the Ni oxide battery electrodes by recording the data in situ immediately after
charging to avoid any possible self-discharge. The experimental details concerning the
cell and electrode preparation have been published earlier'.

Curved-wave, multiple-scattering (CW-MS) cluster calculations utilizing the
FEFF6 code developed by Rehr and Albers”>** were performed in this work. We have
previously'*?!
(particularly Ne) to test the validity of this code and found that the code reproduces
almost all of the experimentally observed peaks except localized excitonic peaks very near
the edge in some cases. Generally fhe absolute energy must be shifted by 0-5 eV for
optimum agreement with experiment'®**. Furthermore, the calculated  function generally

agrees better with experiment than the absorption coefficient, p = p,(1+y), because of

uncertainties in the atomic absorption coefficient , as pointed out by Rehr et al*?*, We

performed FEFF6 calculations on alkali halides and condensed rare gases




find it convenient to compare the differences between 1, that is Ay, for the different Ni
hydroxides studied. Ap also has p, removed, and it emphasizes the small differences seen
- with oxidation in both the experimental and theoretical NEXAFS spectra. Indeed, the
difference spectra reveal features that go completely unnoticed in p.

The input parameters for the theoretical calculations include: the atomic number of
each unique atom in the cluster, the coordinates of each atom in the cluster, the choice of
exchange potential (Hedin-Lundquest, Dirac-Hara, or ground state), the maximum path
length, criteria for the path filter which determines the amount of multiple scattering, the

Debye Waller factor (¢°), and the charge on the ions (only positive integers allowed by the
| code, so we used zero in all cases). We utilized the Hedin-Lundqueét potential consistent
with previous experience which indicafes that this potential provides the best agreement
with experiment'®?*. The maximum path length was set to 8-10 A° for the 1 and 2 shell
calculations, and to 15A° for the 9 shell calculations. The path filter was chosen to be 2%
for the plane waves and 1% for the curved waves (i.e. 1/2 of the default values) to include
all important multiple scattering paths. The Debye Waller factor was set to 0.007'%%2,

Clusters containing 1, 2, and 9 shells of atoms were used for the calculations. The
structures of B-Ni(OH), and BaNiO; are well known from XRD data®"’ so that up to 9
shells were used for these cases. ﬁowever, 3-NiOOH is not well ordered so that the long
range structure is not known, indeed‘ even the Ni coordination is not known. Recent
EXAFS results ' have shown an average of 3 long (2.07 A®) and 3 short (1.88 A°) Ni-O

bonds about each Ni atom. Therefore FEFF6 calculations were performed on just the 1




- shell clusters for this case to explore the effects of the bond length and arrangement of the
bonds in the octahedral coordination about the Ni atom.

For the one-shell clusters, we utilize a notation [nl,ns]. » that indicates the number
of long and short Ni-O bonds about the Ni atom to differentiate the calculations. It should
be noted that two possible arrangements of the [31,3s] bonds can exist about a Ni atom,
namely where three long --or three short-- bonds lie in a plane (we call this the ‘cis’
arrangement since the long --or short-- bonds are neighboring to each other), or where
two long and tw<‘) ;hoﬂ bonds are opposite each other (the ‘trans’ arrangement). Similarly
two arrangements of the [41,2s] or [21,4s] exist; hamely, where the two long (or 2 short)
- bonds are opposite (trans) or neighboring (cis) to eéch other. We find from the NEXAFS
calculations that these cis and trans arrangements introduce relatively small differences
(veaks of 5% amplitudes) compared with the 10-20 % differences noted in Figs. 2 below.
Therefore, the larger effects resulting from the number of short bonds (i.e. oxidation) will
be examined first, followed by an examination of the smaller effects coming from the cis or

trans arrangements of these long and short bonds.
3. RESULTS AND DISCUSSION

Figure 1 shows the experimehtal data, p, for the 3 standard materials and the
charged electrode. Fig. 2 compares. the experimental and theoretical difference spectra
u-u(Ni(OH),) for the standard materials. The FEFF6 results have been optimally aligned

with the experimental data for Ni(OH),. No additional energy shifts were allowed for the




NiOOH and BaNiO; data. The over all step heights in the theoretical and experimental ..

absorption coefficients ,u, were normalized to be one at an energy well above the edge

(100 eV for the theory, 50 eV for the experimental). Thus the amplitudes in the

experimental and theoretical difference curves, Ay, reported in Figs. 2 and 3 are absolute.

The FEFF6 Ap spectra above 100 eV reveal only very small oscillations about zero (i.e.

EXAFS oscillations). The experimental Ap spectra have had a small straight line

-background of optimal slope removed to assure the same behavior, consistent with the
usual treatment in EXAFS calculations. |
Figure 2 reveals several interesting features:

a. First the magnitiude of the negative going peak around 15 eV indicates the extent
of the upward shift of the edge with oxidation of Ni; thus the negative going peak
is muck larger for BaNiO; then for NiOOH. The relatively good agreement
between theory (one-shell calculations) and experiment here indicates that indeed
the FEFF6 code correctly predicts the relative shifts in the edge with oxidation'.

b. The agreement between theory and experiment for the BaNiO; - Ni(OH), is
comparable or even better for the 1 shell calculations than for the 2 and 9 shell
calculations. Three possible reasons for this can be given. First, the 9-shell
calculation contains over 100 atoms extending across 3 O-Ni-O slabs assuming
perfect crystalline order. The Worse agreement for the 9 shell calculations may
arise from multi-slab contributions in the theory, which are suppressed in the
experimental data because of non-registry of the slabs, irregularities in the gallery

widths, or disorder in the galleries of the Ni(OH), material. Second, it could arise




from an underestimate of the imaginary potential near the edge by the Hedin-

Lundquest model utilized in these calculations, which would overestimate the

contributions from the outer shells. We added a small imaginary potential (0.1 eV)

to reduce this problem, but made little effort to optimize this value in this work.

Finally, as the Ni-O bond gets stronger (i.e. decreases from Ni(OH), to BaNiOs),

overlapping muffin-tin spheres may be required to provide better agreement with

‘experiment as found previously by Hudson et al** for uranyl fluoride.

c. The agreement between the theory and experiment for the 1-shell calculations is
remarkable considering that the average magnitude of the differences in the data
amount to around 10-20% of the total absorption coefficient as shown in Fig. 1.

d. A feature growing in intensity around 25 €V with oxidation is known to arise from
a many-body charge-transfer shakeup excitation, and therefore is not reproduced
by the FEFF6 calculétionsz(’. We will discuss this shakeup feature and the
significance of its growth elsewhere®™?’.

In light of the excellent agreement between the single-shell FEFF6 results and the
experimental results obtained for the standard materials in Fig. 2, we proceed to compare
results for the charged electrode with 3-NiOOH; i.e., we examine LW(CE)-u(B-NiOOH).
This suggests comparison of various [nlms]; and [31,3s]; single-shell calculations, since we
have shown in Fig. 2 that the [31;3s]t FEFF6 line shape approximates the NiOOH
experimental line shape.. Figure 3 compares several single shell FEFF6 calculations to

determine the effect of the number of short vs. long bonds (i.e., Ni oxidation level) and the

uniformity of their distribution. These calculations clearly show a strong increase in the
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amplitude of the oscillations with decreasing average bond length, d..., (i.c., increasing Ni - - - -

oxidation) but the wavelength of the oscillations is surprisingly independent of dwe. The
difference spectra ([21,4s]; + [41,2s],)/2 -[31,3s};, which compares configurations having the
same d.ve and bond arrangement (i.e. trans in all cases) but with non-uniform distribution
has very small amplitude (less than 2%). Unfortunately, this means that we can shed little
light on the uniformity of the H atom distribution, however, the amplitude of the
difference spectra gives a good measure of d.v., or the average Ni oxidation.

Figure 3 also shows a comparison between the experimental spectra W(CE) -
u(NiOOH) with the appropriate FEFF6 calculations on single-shell NiOs élusters. Based
on examination of the [nl,ms]; results above, we conclude that the experimental line shape
should be reasonably well approximated by the [21,4s]; - [31,3s]; FEFF6 line shape. This
then provides evidence that the charged electrode is oxidized beyond that in NiOOH
(Ni*®); namely containing some NiOOHpe; (i.e., Ni"°) consistent with the [214s]
configuration.

Although reasonable agreement in the line shapes exist between the [21,4s]; -
[31,3s]; FEFF6 line shape and the experiential difference spectra, the amplitude of the
oscillations in the [21,4s]; - [31,3s]; theory is smaller than in the experimentﬂ line shape.
We emphasize again that the amplitudes in Fig. 3 are absolute (note that they are smaller
here than in Fig. 2 because we are cofnpan'ng here the charged electrode with B-NiOOH,
which are more similar than B-Ni(OH), and B-NiOOH compared in Fig. 2). Since the

amplitudes are rather strongly dependent on d...., this indicates that indeed some Ni with 6
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short bonds (i.e., Ni**) exist in the charged electrode. This would be consistent with the
NEXAFS edge data previously reported’.

If the average oxidation state is indeed 3.5 in the charged electrode, and this
contains a mix of Ni”*? and Ni'*, we would expect the line shape to be represented by
0.7[21,4s]; + 0.3[0L,6s):.. In Fig. 3, we compare this with the experimental difference line
shape. The agreement is substantially improved by adding in the [01,6s] -[31,3s}; line shape
confirming the presence of Ni**and that the average oxidation level is of the order of 3.5.

It is perhaps rather surprising that the amplitudes in the theory are too small since
only small Debye-Waller factors (o = 0.007) were included here having a near negligible

- effect, and larger ones to reflect the possible disorder in the charged electrode would make
the oscillations in the theory even smaller. If the Debye-Waller factors were increased,
even larger amounts of Ni** would be indicated. This suggests that in the charged
electrode the H atom distribution is well crdered, much more than in B-NiOOH. We wiﬂ
confirm this elsewhere®’.

Figure 4 examines the effect of the arrangement (cis or trans) of the long and short
bonds about a Ni atom. Since we do not know the preferred arrangement in either the -
NiOOH or the charged electrode, we have 4 possible combinations (c-t, c-c, t-c, t-t). First
we compare the FEFF6 results for fhc? 4 combinations in the difference spectra. Note that
the ¢-t and t-c combinations are the most different in the region between 15 and 28 eV,
with the c-c and t-t combinations reflecting some average of these first two. This is the
reason we utilized the t-t combination in Figs. 2 and 3. Fig. 4 now compares the optimal

least squares fit of x[01,6s] + (1-x)[2,4s]cx - [3],35)ex for the 4 combinations and compares
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the sum of the squared deviations for these combinations. Although the c-t combination
gives the best fit, it is not appreciatively better than the other combinations, so
unfortunately these results are inconclusive. Nevertheless, all four optimal fits show that
the [0L6s] contribution is in the range of 25-40% with an average of around 33%
consistent with a Ni oxidation slightly greater than 3.5 as indicated above.

The arrangement of the long and sﬁon bonds (i.e. cis or trans as discussed above)
produces only an approximate 4-5% effect on the difference spectra as shown in Fig. 4.
As a result only qualitative information on the H ordering in the gallery is possible at best.
In previous calculations we have performed on Zn(OH)s and AlO, (n = 4,5 or 6), even
. small distortions from tetrahedral and octahed%al symmetry were clearly revealed”. Two
reasons can be given for this. First, both the bond length arrangement and number of
short bonds alter the line shape, and here for the Ni hydroxides the number of bonds has a
larger affect, thus perhaps masking the dependence on the arrangement. Second, the
geometric distortions in Zn(OH), and AlO, involved deviations of the angle subtended by
the “ligand” atoms (i.e., 90° in the octahedral or 109° in the tetrahedral), while here we are
dealing with the bond length arrangement. Hudson et al®® have recently shown that
multiple scattering “resonances” can arise within short O-M-O axial bonds. These
resonant features apparently dissipate rapidly upon removal of the axial configuration (i.e.,
angle distortion). Thus, the NEXAFS spectra can be somewhat more sensitive to angle
distortions then to bond length arrangement. FEFF6 calculations (not shewn) confirm

this. A 10% distortion in the bond angles ([6],08]istorted ~ [61,08]) produces amplitudes of
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magnitude 15%, compared with 4-5 % fesulting from the c/t bond arrangement ([21,4s};-
[2L,4s].). |

Finally, we note that the differences between the optimum theoretical fit and the
experimental line shapes around 20-30 eV for the charged electrode in Fig. 4 are very
similar to those found for BaNiOs in Fig. 2. We believe these differences arises from the
charge-transfer satellite present arouhd 27 eV and the effect of this éateuite on the line
shape throughout the 20-30 eV region. Indeed, in Figs. 3 and 4, the small feature around
27 eV reflects the increased satellite in the charged electrode compared with $-NiOOH,
giving further evidence that the charged electrode is in a higher oxidation state than B-

NiOOH.

4, SUMMARY
A quantitative interpretation of Ni K-edge NEXAFS data for various Ni

hydroxides utilizing the FEFF6 code reveals the following:

a. The FEFF6 code can reproduce the changes with oxidation remarkably
well.
b. The intensity of the charge transfer shakeup peak increases with oxidation.

This many-body satellite, not reproduced by the calculations, decreases the
quality of the agreemenf with experiment in the 20-30 eV region.

c.  FEFF6 calculations indicate that the amplitude of the oscillations in the
difference spectra is directly proportional to the average Ni-O bond length,

and hence directly reflects the average oxidation state of the Ni atom.
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The difference spectra, relatively insensitive to the cfs/trans arrangement of
the short and long bonds about a Ni atom, provide only qualitative and
tentative information on the ordering and arrangement of the H atoms in
the galleries of these Ni materials.

The NEXAFS line shape indicates that some Ni™* (i.e;,[01,6s] coordination)
exists along with Ni**® ([21,4s] coordination) in the charged electrode,
giving an average Ni oxidation state slightly greater than 3.5, consistent

with that shown previously from the edge shift.
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FIGURE CAPTIONS

Comparison of the Ni K-edge experimental NEXAFS data (i) for B-
Ni(OH),, B-NiOOH, and BaNiOs;, and an in situ charged electrode as

previously published by O’Grady et al’.

Comparison of experimental difference spectra [p - p(Ni(OH).] with
results obtained from curved-wave multiple scattering calculations (FEFF6
results) on cluster containing 1,2 and 9 shells approximating B-Ni(OH),
and BaNiO;. The single shell calculations can be denoted by the notation

[01,6s] - [61,0s] and [31,3s];-[61,0s] for the Ni* and Ni"? cases respectively.

TOP - Comparison of [nl,ns} - [31,3s]; FEFF6 difference spectra showing
the increase in amplitude with increasing dave.

MIDDLE - Comparison of experimental difference spectra [W(CE)-p(B-
NIOOH)] with [214s], - [31,3s], FEFFG6 results.

BOTTOM - Comp.arison of W(CE) - p(B-NiOOH) with 0.3[0L6s] -+

0.7[21,4s}. - [31,3s} FEFF6 results.
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---TOP- - Comparison of the [2L4s)e-[3,3s]x FEFF6 results for the 4
possible cis/trans arrangements (c-c, c-t, t-c, and t-t) of the long and short
Ni-O bonds about a single Ni atom. |

BOTTOM - Comparison of the least squares fit of x [0L,6s] + (1-
X)[21,4s]ex - [31,3s]x to the experimental ;esults, W(CE)-p(B-NiOOH)
(solid Iine), for the four cis/trans combinations. The ledger shows the
optimum value of x, and the sum of the squared deviations (28%) for each

combination.
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Absorption Coefficient
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